Pump-probe differential reflection and transmission spectroscopy is a very effective tool to study the nonequilibrium carrier dynamics of graphene. The reported sign of differential reflection from graphene is not explicitly explained and not consistent. Here, we study the differential reflection and transmission signals of graphene on a dielectric substrate. The results reveal the sign of differential reflection changes with the incident direction of the probe beam with respect to the substrate. The obtained theory can be applied to predict the differential signals of other two-dimensional materials placed on various dielectric substrates.
INTRODUCTION
Since a microscopic understanding of the nonequilibrium carrier dynamics of graphene is important for designing and implementing graphene-based high-speed optoelectronic devices [1] [2] [3] [4] [5] [6] [7] , the relaxation of nonequlibrium carriers in the unique energy band has attracted significant attention in recent years [1, 2, 5, 6, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . These investigations have sparked novel contents in fundamental research, such as population invention [13] and collinear scattering [6] . At the same time, these works enrich the application of graphene in photonics [5, 7, 22] .
Optical pump-probe differential reflection and transmission spectroscopy is a powerful tool to study the nonequilibrium carrier dynamics of graphene [23] . In the past years, various femtosecond pump-probe measurements were performed to probe the relaxation of photoexcited carriers in a variety of graphene films on different transparent dielectric substrates (such as quartz, SiC, CaF 2 , and mica) [2, 3, 11, [13] [14] [15] [16] [17] [18] [19] . Most of these works investigated the dynamics of the carriers by studying the temporal evolution of the differential signals [2, 3, 7, 11, 15, 18] . Nevertheless, in addition to the temporal evolution of these differential signals, the sign of these signals is also related to interesting microscopic physics. It is known that the differential reflection and differential transmission signals come from the variation of the extinction coefficient Δκ (or optical conductivity Δσ) after the optical pumping [8, 12, 23] . This Δκ can be negative due to the bleaching of the interband transitions by Pauli blocking (i.e., Δκ < 0 and Δσ < 0) [2, 12, 15, 17] or be positive due to the intraband absorption, the increase of the Hartree-Fock self-energy, and the variation of the scattering (i.e., Δκ > 0 and Δσ > 0) [8, 12, 23, 24] . To identify which mechanism is dominant (i.e., the sign of Δκ) from differential signals of graphene on dielectric substrate, a specific relationship between the experimental obtained differential signals and Δκ is needed. However, this relationship has not been explored so far, despite the large number of microscopic studies on Δκ (or Δσ) [8, 23, 25] . In addition, the sign of differential signals reported in literature is not consistent [10, 15] . To understand these works and study carrier dynamics of graphene, we need to further theoretically bridge the universal relationship between the differential signals and Δκ for graphene on a substrate.
The optical absorbance of monolayer graphene is ∼2.3% [26] ; as a result, it is hard to precisely judge which side of the transparent substrate the monolayer graphene is on, using eyes and ordinary optical microscopes. In the experiment, the possibility of confusing the two sides could not be absolutely avoided [ Fig. 1(a) ]. It is interesting to know the influence of confusing the two sides on the differential signals. Thus, knowing the relationship between these differential signals and the pump-induced Δκ under different incident directions of the probe beam is helpful [i.e., Case 1: from graphene to substrate, and Case 2: from substrate to graphene, Fig. 1(a) ].
In this paper, we calculate the time-resolved pump-probe differential signals of graphene on a dielectric substrate for the two incident directions of probe beam. The presented theory could explain the sign of differential signals resulting from optical pump-induced Δκ of graphene. It shows that if we turn the graphene sample around with respect to the incident direction of the probe beam the sign of differential reflection is reversed, but the sign of differential transmission remains unchanged. Our results are helpful for ultrafast carrier dynamics study of two-dimensional (2D) materials placed on a dielectric substrate.
THEORY
It is known that the differential reflection and differential transmission signals are direct consequences of pumpinduced Δκ (or Δσ) of graphene [8, 12, 23] . To calculate the differential signals measured by ultrashort laser pulses, we first calculate the reflectance R and transmittance T of graphene on substrate with and without optical pumping. Based on the R and T of ultrashort pulses, we could establish the relationship between differential signals and Δκ.
Figure 1(a) shows the incidence of the probe beam into the graphene sample for the two cases. For both cases, the middle graphene-substrate layers and the two semi-infinite air layers compose a four-layer structure (Layer4) [27, 28] . Clearly, the optical response of this structure is the result of collective action of a three-layer structure (Layer3, i.e., air-graphenesubstrate) and a two-layer structure (Layer2, i.e., airsubstrate) [29] . To analyze the R and T of ultrashort pulses from this structure, we need to know in advance the R and T of a plane wave in the structures Layer2 and Layer3. In fact, all the two structures could be unified as a multilayer structure (Layern), as shown in Fig. 1(b) . For simplicity, we will first analyze the R and T of a plane wave for the structure Layern based on Maxwell's equations solving boundary conditions; then we obtain the R and T for Layer2 and Layer3 from these of Layern. Following, we calculate the R and T of ultrashort pulses from graphene on substrate (including both cases). Since the incident beam used in most graphene pump-probe experiments is at optical frequency, and the graphene is exposed in an environment free from external magnetic fields [8, 9, 12, 15, [17] [18] [19] , graphene is modeled as an isotropic insulating film with finite thickness, as done by Weber et al., Bruna et al., Nelson et al., and Ye et al. [27, [30] [31] [32] .
A. Multilayer Structure Theory
The modeled multilayer structure is shown in Fig. 1(b) . A plane wave is assumed incident into this structure. The plane of incidence is in the x, z plane, and all the boundaries are perpendicular to the z direction. This structure consists of l (l ≥ 0) slabs sandwiched between two semi-infinite spaces (i.e., incident and exit spaces). The boundaries are given by z a 0 ; a 1 ; …; a l with a 0 0. The refractive indices of incident and exit spaces are given by n I ε I μ I p and n T ε T μ T p , respectively. The thickness and refractive index of the ith slab are given by d i a i − a i−1 and n i ε i μ i p i 1; 2; …; l, respectively. Here, ε I , ε T , ε i and μ I , μ T , μ i are the corresponding relative permittivity and relative permeability. For the graphene, the complex refractive index (i.e., optical constant) is n g n 0 iκ [30, 33] ; n 0 and κ are the refractive index and the extinction coefficient of graphene, respectively. As listed in Fig. 1(b) , A I , A R , A T , P i , and Q i i 1; 2; …; l are the amplitude of the light field in different layers.
The electric field direction of the incident beam is assumed to be along the y axis, that is, E x , E z , H y 0 and ∂∕∂ y 0. Therefore, the Maxwell's equations can be deduced to be (time envelope e −iωt is assumed) [29] 
The waves in each layer can be represented as superpositions of positive-(along z) and negative (along −z)-going secondary waves. Thus, E y is written as follows:
E y A I e ik Iz z A R e −ik Iz z e ik x x for z ≤ a 0 0; (4)
for z ≥ a l :
Here
, and k x n I k 0 sin θ I , where θ I is incident angle of the probe beam, k 0 2π∕λ 0 is the wave vector in vacuum, and λ 0 is the wavelength of the probe beam in vacuum. Based on Eqs.
(1) through (6), the magnetic field components in each layer are given as 
According to the continuities for E y and H x at the boundary, we can obtain: at z a 0 0,
at z a i i 1; 2; …; l − 1,
According to Eqs. (9) through (11), the relations between the amplitude coefficients are given by
where
Here K 1I
The amplitudes of the incident beam, reflected beam, and transmitted beam are relationed as
where M is a 2 × 1 matrix and is defined as
Thus, the complex electric field amplitude of the reflected and transmitted beams is related to that of the incident beam by
A I tA I . r and t denote the amplitude reflection and transmission coefficient, respectively. The R and T are given by
In the following, we calculate the R and T of a normally incident beam (θ I 0) for Layer2 and Layer3 from the above equations (since the probe beam is usually normally incident into graphene [8, 9, 11, 15] , the incident angle of the probe beam is set to be zero). To denote the incident direction of light in the equations, we will write the refractive index of each layer in the order from incident space to exit space.
B. Layer2
For the structure Layer2, the reflectance and transmittance of a normally incident beam can be reduced as
These results are known as the Fresnel formula [29] .
C. Layer3
For the structure Layer3 (l 1), the R and T of a normally incident beam simplify to
Here r I1
, and β 1 n 1 k 0 d 1 . Clearly, the reflectance and transmittance are functions of the extinction coefficient of each layer.
For the structure Layern, each middle layer (i.e., slab n 1 …n l ) could be regarded as a Fabry-Perot cavity [34] . As we know, the incident beam will be split into infinite reflected and transmitted waves of decreasing intensities due to multiple reflections in each middle layer. Clearly, the reflection and transmission of structure Layern is the collective contribution of these reflected and transmitted waves, resulting from multiple reflections in each layer (Fig. 2) [34] . The above calculation is performed on the assumption that these reflected and transmitted waves are temporally coherent, which is of course applicable to a plane wave. However, for incidence of a laser pulse, the multiple reflections will ultimately lead to the creation of a number of secondary reflected and transmitted subpulses of decreasing intensities. These reflected/transmitted subpulses are separated in the reflection/transmission direction (Fig. 2) . The analysis presented above may no longer hold in the case of ultrashort pulses where the temporal coherence would need to be taken into account. Therefore, the R and T presented above are valid for continuous light and pulses with a coherence length much longer than the thickness of the middle layers (for this case, the separation between two successive reflected/transmitted subpulses is very short as compared with the coherence length of pulses) [35] . Since there is no multiple reflection process for the structure Layer2, Eqs. (22) and (23) are available for ultrashort pulses besides continuous light.
D. R and T of Ultrashort Laser Pulse from Graphene on Substrate
In the graphene pump-probe experiment, the thickness of the graphene film is generally smaller than 3.4 nm (i.e., 10-layer graphene), and the thickness of the substrate is in the order of 1 mm; the pulse width τ FWHM is generally less than 400 fs (coherence length is less than 0.29 mm) [2] [3] [4] [5] 8, 12, [15] [16] [17] . It takes less than 0.068 fs for pulses passing one round trip in the graphene layer, corresponding to an optical path length of 6.8 nm. However, for one round trip in the substrate (optical path length is 2 mm), it takes about 10 ps. This means these reflected/transmitted ultrashort subpulses from the graphene layer are temporally coherent, but these reflected/transmitted ultrashort subpulses from the substrate are temporally noncoherent (i.e., they are separated in the reflection/transmission direction; see Fig. 2 ). Therefore, the R and T of ultrashort pulses from graphene on substrate could not be obtained as Layer4 from the results of Layern.
As shown in Fig. 2 , the structure of graphene on substrate (air-graphene-substrate-air) could be regarded as a combination of a Layer3 structure (i.e., air-graphene-substrate) and a Fig. 2 . Multiple reflections and calculation of the reflectance as well as transmittance when an ultrashort probe pulse is normally incident into optically excited graphene on substrate. In order to guide the eyes, the reflected and transmitted subpulses are artificially shifted upward. The red dot is used to indicate that the extinction coefficient of graphene is changed by optical pumping, and the blue dots indicate that the pump-induced Δκ nearly vanishes (i.e., Δκ ≈ 0) due to carrier relaxation. The incident beam is assumed to have an intensity of one; the intensity ratio of each reflected/transmitted subpulse to the incident pulse is corresponding marked. For simplicity, substitutions are used in the figure. For Layer2 a 0 R 2 n a ; n s R 2 n s ; n a , b 0 T 2 n a ; n s T 2 n s ; n a ; for Layer3 without extinction coefficient change (Δκ 0), a R 3 n a ; n g ; n s , x R 3 n s ; n g ; n a , b T 3 n a ; n g ; n s T 3 n s ; n g ; n a ; for Layer3 with extinction coefficient change, a 0 R 3 n a ; n g;pump ; n s , x 0 R 3 n s ; n g;pump ; n a , and b 0 T 3 n a ; n g;pump ; n s T 3 n s ; n g;pump ; n a . If there is no optical pumping in graphene, the extinction coefficient of graphene is n g n 0 iκ for all these multiple reflections, and the intensity ratio of each reflected/transmitted subpulse should change.
Layer2 structure (i.e., substrate-air). On the other hand, since these reflected/transmitted subpulses resulting from multiple reflections in the graphene layer are coherent, we can regard the structure of air-graphene-substrate as an integrated Layer3 structure (i.e., an interface with two semi-infinite spaces). Also, Eqs. (24) and (25) could be applied to calculate the R and T of the graphene layer at the interface with the substrate (i.e., air-graphene-substrate, with n 1 n g n 0 iκ). Thus, we need only consider the influence of multiple reflections in substrate for both cases. As illustrated in Fig. 2 , we present the reflected and transmitted subpulses, as well as multiple reflections in substrate for both cases.
The total reflected/transmitted intensity from graphene on substrate is the sum of all individual reflected/transmitted subpulses' intensities, as these reflected/transmitted subpulses are temporally noncoherent in their propagation direction. Therefore, the reflectance/transmittance of both cases could be calculated by integrating the intensity ratios of the reflected/transmitted subpulse to the incident pulse (Fig. 2) . By integrating, the R and T of an ultrashort laser pulse from graphene on substrate (no optical pumping) could be written as follows:
For Case 1, R 4 n a ; n g ; n s ; n a R 3 n a ; n g ; n s R 2 n a ; n s T 2 3 n a ; n g ; n s 1 − R 2 n a ; n s R 3 n s ; n g ; n a ;
T 4 n a ; n g ; n s ; n a T 2 n a ; n s T 3 n a ; n g ; n s 1 − R 2 n a ; n s R 3 n s ; n g ; n a :
For Case 2, R 4 n a ; n s ; n g ; n a R 2 n a ; n s R 3 n s ; n g ; n a T 2 2 n a ; n s 1 − R 2 n a ; n s R 3 n s ; n g ; n a ;
T 4 n a ; n s ; n g ; n a T 2 n a ; n s T 3 n a ; n g ; n s 1 − R 2 n a ; n s R 3 n s ; n g ; n a ;
where n a and n s are the refractive index of air and substrate, respectively. n g n 0 iκ is the optical constant of graphene. These equations are calculated based on the assumption of no refractive index change during incidence and multiple reflection processes. They are applied to the case of no optical pumping.
E. Time-resolved Pump-Probe Differential Signals
In the graphene pump-probe experiment, the extinction coefficient of graphene changes after optical pumping, and the pump-induced Δκ leads to the change in reflectance and transmittance. The magnitude of Δκ is governed by the population of nonequilibrium carriers at optically probed state and decays with the carrier relaxation. It is reported that the carrier population at optically probed state decreases with relaxation time t in a biexponential function. Thus, we could describe the decay of extinction coefficient change as Δκt Δκ 0 e −t∕τ 1 αe −t∕τ 2 ∕2, where τ 1 110 40 fs and τ 2 900 200 fs [3, 4] , and parameter α describes the weight of the two relaxation pathways [8, 10, 18] . As discussed above, the time for one round trip in substrate is about 10 ps, during which the nonequilibrium carriers have undergone sufficient relaxation. Correspondingly, Δκ decays to nearly zero. (The intensity of the multiply reflected pump subpulse is much lower than that of the pump pulse, and the propagation direction of the subpulse from the pump pulse is generally not identical to that of subpulse from the probe pulse. The optical excitation induced by the subpulse from the pump pulse could be ignored). Therefore, when a probe pulse is incident into optically excited graphene on substrate with optical pumping delayed by t delay , the extinction coefficient change Δκt delay should be taken into account for the first incidence of the probe pulse into the graphene layer (as shown by the red dot in Fig. 2) ; for the successive multiple reflections, the extinction coefficient change is negligible (i.e., Δκ ≈ 0, as shown by the blue dot in Fig. 2 ). As shown in Fig. 2(b) , the differential reflection signal of Case 2 is generated by the first reflection at the Layer3 structure (reversed, i.e., substrate-graphene-air). For the convenience of the following presentation, we will refer to the reflections of O 3 …O i at the substrate interfaces as multiple reflections for Case 2 [ Fig. 2(b) ] and refer to the reflections of O 1 …O i as multiple reflections for Case 1 [ Fig. 2(a) ].
With this picture of the decay of Δκt, the intensity ratio of each reflected/transmitted subpulse to the incident pulse could be obtained (Fig. 2) . The reflectance and transmittance of the probe pulse from optically excited graphene on substrate could be written as follows:
For Case 1, R 4 n a ; n g;pump ; n s ; n a R 3 n a ; n g;pump ; n s R 2 n a ; n s T 3 n a ; n g ; n s T 3 n a ; n g;pump ; n s 1 − R 2 n a ; n s R 3 n s ; n g ; n a ; (30) T 4 n a ; n g;pump ; n s ; n a T 2 n a ; n s T 3 n a ; n g;pump ; n s 1 − R 2 n a ; n s R 3 n s ; n g ; n a :
For Case 2 R 4 n a ; n s ; n g;pump ; n a R 2 n a ; n s R 3 n s ; n g;pump ; n a T 2 2 n a ; n s 1 − R 2 n a ; n s R 3 n s ; n g ; n a ;
T 4 n a ; n s ; n g;pump ; n a T 2 n a ; n s × T 3 n a ; n g;pump ; n s R 2 n a ; n s R 3 n s ; n g;pump ; n a T 3 n a ; n g ; n s 1 − R 2 n a ; n s R 3 n s ; n g ; n a ;
where n g;pump n 0 κ Δκt delay i is the complex refractive index of optically excited graphene when the probe pulse is incident into the graphene. According to the R and T with and without optical pumping, the optical pump-induced differential reflection and differential transmission are given as follows:
For Case 1, ΔRt delay ∕R R 4 n a ; n g;pump ; n s ; n a ∕R 4 n a ; n g ; n s ; n a − 1;
ΔTt delay ∕T T 4 n a ; n g;pump ; n s ; n a ∕T 4 n a ; n g ; n s ; n a − 1:
ΔRt delay ∕R R 4 n a ; n s ; n g;pump ; n a ∕R 4 n a ; n s ; n g ; n a − 1;
ΔTt delay ∕T T 4 n a ; n s ; n g;pump ; n a ∕T 4 n a ; n s ; n g ; n a − 1:
With carrier relaxation, Δκt dealy decreases with decay time t delay . As a result, the relative values of ΔRt delay ∕R and ΔTt delay ∕T decay with carrier relaxation. The time-resolved pump-probe differential signals are proportional to the convolution of ΔRt∕R, ΔTt∕T, and the Gaussian intensity distribution of the probe pulse as
where f t exp− 2 ln 2 p t∕τ FWHM 2 is a typical Gaussian function.
RESULTS AND DISCUSSION
A. Dependence of ΔR∕R and ΔT∕T on Δκ To study the sign of time-resolved pump-probe differential signals, we first look into the dependence of the change in reflection and transmission on Δκ from Eqs. (34) through (37) . Here, we take monolayer graphene on a 1 mm thick quartz (n s 1.543) as an example. The wavelength of the probe pulse is assumed to be the widely used 800 nm, and the optical constant of graphene at 800 nm is n g 3.0 1.4523i [30] . As shown by solid lines in Fig. 3 , ΔT∕T is inversely proportional to the Δκ for the two cases [30] . Thus, the sign of ΔT∕T is opposite to the sign of Δκ for both cases. However, ΔR∕R is proportional to Δκ for Case 1 and inversely proportional to Δκ for Case 2. Corresponding, the sign of ΔR∕R is identical to that of Δκ for Case 1 and opposite to that of Δκ for Case 2. The opposite sign of ΔR∕R for both cases stems from the structure Layer3, as the contribution of Δκ to differential signals occurs in the structure Layer3 (Fig. 2) . Detailed analysis on the structure Layer3 shows that the reflection change caused by Δκ is related to the refractive index distribution of incident and exit spaces.
As a comparison, the dependence of ΔR∕R and ΔT∕T on Δκ∕κ was calculated under the assumption of no Δκ relaxation in multiple reflections process. For Case 1, the multiple reflections alter the magnitude of ΔR∕R but do not alter ΔT∕T (dashed lines in Fig. 3 ). For Case 2, there is no visible influence of multiple reflections on these differential signals. Therefore, when the decay time of Δκ is much longer than the time for one round trip in substrate, the contribution of multiple reflections to ΔR∕R of Case 1 should be considered, but this contribution does not change the sign of ΔR∕R. However, the contribution of multiple reflections to the ΔT∕T of Case 1, ΔR∕R, and ΔT∕T of Case 2 is negligible (Fig. 3) .
B. Time-resolved Pump-Probe Differential Reflection and Transmission
Based on Eqs. (38) and (39), we could calculate the timeresolved pump-probe differential signals for the two cases and compare the theoretical results with experiment. As shown in Fig. 3 , the ΔR∕R and ΔT∕T monotonously change with Δκ for both cases. This indicates the differential signals induced by intraband absorption of hot carriers (Δκ > 0) is opposite to those caused by Pauling blocking (Δκ < 0). For simplicity and matching with our experiment, we will only discuss time-resolved pump-probe differential signals caused by Pauling blocking here.
The calculated time-resolved pump-probe differential signals are shown in Fig. 4 for both cases. The ΔTt∕T p−p is positive and nearly identical for both cases. The ΔRt∕R p−p is negative for Case 1 and positive for Case 2. Also, the magnitude of ΔRt∕R p−p is different for the two cases. Thus, if we change the incident direction of the probe beam, the sign of ΔRt∕R p−p will be reversed, but ΔTt∕T p−p remains positive. Based on the relationship between the sign of ΔRt∕R p−p and the incident direction, the substrate facet with graphene layer could be determined by pump-probe measurement. Although the magnitude and sign of these differential signals are different, the normalized differential signals are identical (not shown here). This means that there is no influence of the incident direction on the relaxation time of these differential signals.
To confirm the sign of differential signals predicted by theory, the 800 nm degenerate pump-probe measurement was performed on a chemical vapor deposited grown monolayer graphene placed on a 1 mm thick quartz; the width (FWHM) of 800 nm pulses was 350 30 fs. It is known that the nonequilibrium carriers at this optically probed state (0.775 eV) block the corresponding interband transitions and cause a decrease in κ and σ due to Pauli blocking [3, 11, 17] . The quartz face with graphene film was marked to avoid confusing the incident direction. As Fig. 4 shows, the sign of measured differential signals is in good agreement with the theoretical result and consistent with former reports [Figs. 4(a) and 4(b)] [11, 12, 15, 18] .
For the suspended graphene, the reflectance and transmittance could be directly obtained from those of structure Layer3. So, ΔRt delay ∕R R 3 n a ; n g;pump ; n a ∕ R 3 n a ; n g ; n a − 1, ΔTt delay ∕T T 3 n a ; n g;pump ; n a ∕ T 3 n a ; n g ; n a − 1. The reported negative ΔRt∕R p−p of suspended graphene could be explained with these equations (not shown here) [12] .
In the theory analysis, the graphene layer was assumed as a very thin dielectric layer. Therefore, the present theory could be applied for other 2D materials [36] [37] [38] , and the studied 2D material could be multilayer. To make sure the reflected and transmitted subpulses are temporally coherent, the layer number of the sample should be not very large. The carrier relaxation of these 2D materials may be not fast, as compared with the time for one round trip in substrate [36] [37] [38] . For this case, Δκ is not negligible in the initial multiple reflection process. As shown above, the influence of initial multiple reflections on ΔR∕R should be taken into account for Case 1, such as R Fig. 2(a) . However, in the calculation of ΔT∕T, the contribution of multiple reflections could be ignored. For Case 2, the influence of multiple reflections on both differential signals is negligible, no matter the decay time of Δκ.
As shown above, ΔTt∕T p−p does not change with structure and incident direction. Therefore, to study the carrier relaxation of these 2D materials, it is better to use ΔTt∕T p−p instead of ΔRt∕R p−p since the wrong conclusion resulting from confusing the incident direction could be avoided. From the view point of influence of multiple reflections on the differential signals, it is also suggested to use ΔTt∕T p−p .
In our analysis, the probe beam is normally incident into the sample. If the probe beam is obliquely incident into the sample, the reflected and transmitted subpulses from the graphene layer are temporally coherent. We could still regard the graphene at the interface as a Layer3 structure. The R 3 and T 3 of an obliquely incident beam could be numerically calculated from Eqs. (19)- (21) . Similar to the case of normal incidence, the total reflected/transmitted intensity is the sum of all individual reflected/transmitted subpulses' intensities. The calculation indicates that the sign of differential signals does not vary if the probe pulses are incident into the sample with a small angle.
In a degenerate pump-probe experiment, the pump-induced Δκ near zero delay time is dependent on the relative orientation of pump polarization and probe polarization [19] . Δκ is the maximum/minimum for the probe beam with polarization parallel/perpendicular to the pump polarization. Since the differential signals are functions of Δκ for both cases, the magnitude of differential signals near zero delay time should be polarization dependent in degenerate pump-probe measurement, but the sign does not change with polarizations of beams.
SUMMARY
We provided a generic theoretical framework for predicting pump-induced differential reflection and differential transmission signals of thin film on top of a dielectric substrate. The theory could well explain the sign of time-resolved pumpprobe differential signals of graphene on substrate. The sign of differential reflection depends on the incident direction of the probe beam with respect to the substrate, but the sign of differential transmission remains unchanged when the sample is turned round. This is useful for analyzing the interaction between light and nonequilibrium carriers in 2D materials from these differential signals.
